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We report on the morphological effects induced by the 
inhomogeneous absorption of radially polarized 
femtosecond laser irradiation of nickel (Ni) in sub-
ablation conditions. A theoretical prediction of the 
morphology profile is performed and the role of surface 
plasmon excitation in the production of self-formed 
periodic ripples structures is evaluated. Results indicate 
a smaller periodicity of the ripples profile compared to 
that attained under linearly polarized irradiation 
conditions. A combined hydrodynamical and 
thermoelastic model is presented in laser beam 
conditions that lead to material melting. The simulation 
results are presented to be in good agreement with the 
experimental findings. The ability to control the size of 
the morphological changes via modulating the beam 
polarization may provide an additional route for 
controlling and optimizing the outcome of laser micro-
processing. © 2015 Optical Society of America 
OCIS codes: (140.3390) Laser materials processing (320.7130) Ultrafast 
processes in condensed matter (320.2250) Femtosecond phenomena; 
(220.4000) Microstructure fabrication; (240.6680) Surface 
plasmon.http://dx.doi.org/10.1364/OL.99.099999 
 
Laser beams with cylindrical polarization states, namely radial and 
azimuthal polarization, have gained remarkable attention in the past 
two decades, as the symmetry of the polarization enables new 
processing strategies [1] with applications in various fields including 
microscopy, lithography [2], electron acceleration [3], material 
processing [1, 4, 5] and optical trapping [6]. The so-called cylindrical 
vector beams (CVB) have been the topic of numerous theoretical and 
experimental investigations [4, 7-10]. 
 Surface Plasmon Polariton (SPP) excitation by localized fields 
originating from CVB and propagation on metal surfaces have been 
extensively explored [7, 11-14]. While SPP excitation at a metal/air 
interface is reported to lead to periodic ripple patterns similar to those 
induced by linearly polarized beams [15-21], only a few studies have 
been performed to correlate the characteristics of the CVB with 
induced morphological changes [22, 23]. Nevertheless, a detailed 
exploration of the physical mechanisms that lead to surface 
modification induced upon irradiation with CVB (Fig.1) has yet to be 
considered (i.e. SPP excitation, heat transfer, phase transitions).  
 In this Letter, we report on the morphological profile (Fig.1a,c), 
periodicity of laser induced ripples  structures (Fig.1b) and damaged 
area produced upon repetitive irradiation of Ni with femtosecond (fs) 
pulsed lasers with radial polarization at a laser wavelength of 
λL=1026nm. Theoretical prediction of the characteristics of the 
produced structures is performed by solving Maxwell’s equations, 
analysing SPP propagation and computing heat transfer and electron-
phonon relaxation processes. The results are compared to the linear 
polarization case (Fig.1d,e,f),   The selection of Ni that is a transition 
metal with completed d bands was based on its unique thermal 
properties; specifically, the electron heat capacity of Ni strongly 
deviates from linear electron temperature dependency, while the 
electron-phonon coupling g rapidly decreases with increasing electron 
temperature for low temperatures, followed by a slower decrease as 
temperature further rises [24]. These properties emphasise the 
significant role of electron-lattice coupling and electron diffusion in 
energy confinement and thermalisation that eventually influence size  
 
 
Fig. 1.  SEM images of surface profiles after fs-irradiation with radial 
(a)-(c), and linear polarization of the electric field of the incident beam 
(d)-(f). J=0.36J/cm2, τp=170fs, NP=200.  
of the laser induced morphological features. We express a radially 
polarised beam as the superposition of orthogonally Hermite-Gauss 
HG01 and HG10 modes [7] 
   1 0 0 1
ˆ ˆ
r
E H G x H G y   (1) 
where 
r
E denotes radial polarization and xˆ , yˆ are the unit vectors 
along the x- and y-axis, respectively (Fig.1). 
 Repetitive irradiation of Ni with fs pulses could give rise to excitation 
of SPP (as the real part of the dielectric constant of Ni is Re(ε)<-1), 
although the photon energy and the density of states of Ni indicate that 
interband transitions dominate its optical properties in the infrared 
range [16]. Corrugated surfaces could also allow SPP excitation [19, 25, 
26] and correlation of morphological characteristics of the irradiated 
zone (corrugation height/amplitude, δ and grating periodicity, Λ) with 
the magnitude of the longitudinal wavevector of the SPP requires a 
systematic analysis of the propagation of the respective 
electromagnetic field [19,21]. In this context, the spatio-temporal 
distribution of the electric field is modelled assuming a surface profile 
that is determined by the approximating function (where r=(x2+y2)1/2) 
  ( ) ( ) s in (2 / )r D r r     (2) 
In case of a Gaussian laser beam, D(r)~  2exp ( r ) . By contrast, for a 
CVB, D(r) is determined by the form of the intensity resulting from 
Eq.1. The interaction between the incident beam and the surface-
plasmon wave excited is estimated assuming low modulation of the 
surface grating structure. Due to the axial symmetry, analysis can be 
performed on the r-z plane, assuming a TM wave for the incident 
beam. The solution of the Maxwell’s equations along with the 
requirement of the tangential component of the electric field  and 
normal component of   on the boundary defined by (2) allows 
determination of the spatial distribution of the electric field and 
derivation of the dispersion relations (numerically calculated). To 
estimate the optimal laser-grating coupling, the combination of 
maximum height δ and resonant length Λ have been computed that 
yields enhanced longitudinal Er inside the irradiation zone (see 
Appendix). Theoretical results provide a correlation of Λ as a function 
of the ripple depth (Fig.2) that is similar to computations performed 
for semiconductors [27]. 
 
Fig. 2. Dependence of corrugation periodicity on maximum 
corrugation depth (for RP).  
It is evident that Λ is a decreasing function of the corrugated surface 
depth. The electric field spatio-temporal distribution and the 
associated intensity is incorporated into the source term of a two 
temperature model (TTM) [28] which is solved to derive the heat 
transfer, electron-phonon relaxation and heat lattice temperature 
dynamics. In the model, interband transition contributions are also 
assumed [29]. Due to the fact that the laser beam conditions (fluence 
J=0.24J/cm2, pulse duration τp=170fs, spot diameter=34μm) are 
sufficient to melt partially the material, a Navier-Stokes equation to 
predict the movement of the produced molten material is used [19]; 
furthermore, the movement of a portion of the material which does not 
undergo melting but is subjected to stress fields is described by a 
thermoelastic model [30]. This combined hydrodynamic/elasto-plastic 
model is used to describe the induced surface profile. In particular, the 
calculated lattice temperature field evolution determines the flow 
dynamics of the molten material and predicts plastic effects. The 
following set of differential equations will be used to describe: (i) heat 
absorption, heat transfer and relaxation processes (first two), (ii) fluid 
dynamics (third and fourth), (iii) elastoplastic effects (fifth, sixth and 
seventh)   
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where Te and TL are the electron and lattice temperatures, ke and kL 
stand for the electron and lattice heat conductivities, Ce and CL 
correspond to the electron and lattice heat capacities, μ(m) is the 
dynamic viscosity of the liquid, ρ(m) and ρ(s) are the material densities in 
molten and solid phase, respectively. Finally, α’ is the thermal 
expansion coefficient and P is the pressure. On the other hand, σij and εij 
stand for stress and strains, while λNi and μ are the Lame’s coefficients. 
Vi are the displacements along the xi direction while u describes the 
fluid velocity. Lm is the latent heat of fusion of Ni and S( r ,t) is the 
source term due to laser. The thermophysical or thermoelastic 
parameters that appear in the equations are derived using fitting 
techniques [22] or bibliographical records [29-31]. Fig.3a shows the 
spatial distribution of the lattice temperature at t=20ps after the 
material has been irradiated with two identical, 170fs, pulses at a 
fluence of 0.24J/cm2.  
 Simulation results demosntrate that no ripples are formed for single 
(NP=1) pulse irradiation as SPP excitation is not possible [19]. The 
corresponding surface displacement at time t=0.45ns is illustrated in 
Fig.3b. The resolidification analysis, determined by following the 
evolution of the isothermal Tmelt, allows calculation of the corrugation 
amplitude. The theoretical calculations indicate that the produced 
surface profile upon resolidification is characterized not only by the 
formation of subwavelength ripples but also by a cone protruding 
along the z-axis (Fig. 3b). The latter is found to be formed by stress 
fields, rather than fluid movement, since the induced lattice 
temperature in the vicinity of the spot centre is not sufficient to melt 
the material. In particular, it is observed that the radius of the produced 
‘Mexican-hat’ is determined by the magnitude of horizontal strain 
components while the peak of the cone is formed below the level of the 
initially flat surface. The theoretical predictions (Fig.3b) on such 
produced morphology comply with the experimental observations 
(inset in Fig.3c). We have to emphasise that although there is an 
evident ablation in the presented SEM image taken for NP=2000 
(Fig.3c), a similar morphological profile is obtained for irradiation with 
fewer number of pulses (NP=2) where only a minimal mass removal 
occurs (subablation conditions [19]). 
 In order to derive a comprehensive quantitative analysis of the 
morphological effects induced by radially polarized fs beams, we 
explore the dependence of the surface modification on the laser fluence 
and the number of incident pulses, assuming also the unique 
behaviour of g. While the fluence increase leads to a rise in the electron 
temperature Te (which is periodically modulated as a result of the 
initial SPP-originated periodical non-uniform energy deposition), the 
decrease of g with increasing Te leads to a delay of the heat transfer to 
the lattice via electron-phonon coupling with an increased efficiency of 
energy localization [31]. Therefore, the initial Te periodic distribution is 
expected to weaken substantially prior to heat transfer to the lattice, 
which will result to a less pronounced heat distribution to the lattice 
and eventually to a smaller ripple height (see for example Fig.4, for 
NP=100). 
 
  
 
 
Fig. 3.  (a) Temperature profile at t=20ps for a RP beam (X’’  [-r, r] and 
it is the axis along the direction of the unit vector  ˆ ˆ ˆr x + y / 2 ), 
(b) Vertical and horizontal displacements at t=0.45ns for NP=2, (c) 
SEM image of surface profile with radially polarized beam at 2000 
pulses; inset indicates the profile (J=0.24J/cm2, τp=170fs). 
 Fig.4 also illustrates a comparison of ripple height variation 
produced by radially (RP) and linearly (LP) polarized beams at various 
fluences respectively. It is evident that due to larger energy deposition 
for radially polarized light, the maximum ripple depth is always larger 
than the one expected from a linearly polarized light. Furthermore, the 
larger heat diffusion to higher depths due to increased lattice 
temperatures for RP, gives rise to propagation of the damage in larger 
depths. Calculations were performed in a range of fluences between 
the melting and ablation thresholds (~120mJ/cm2 and ~400mJ/cm2, 
respectively). 
 To test the above theoretical predictions, an appropriate 
experimental protocol is developed. Polished Ni films of 99.9% purity 
and average thickness of 150μm were used. An Yb:KGW laser was 
used to produce 170fs pulses, 1 KHz repetition rate and 1026nm 
 
Fig. 4.  Maximum ripple depth vs. fluence for RP/LP. 
central wavelength. Beam polarization was transformed from linear to 
radial using an optical vortex polarization converter [10]. The 
irradiation pulses were focused onto the sample by a spherical N-BK7 
lens (60mm focal length), while the FWHM of the spot diameter was 
34μm. Two dimensional Fast Fourier Transform algorithms were used 
on SEM images to compute the ripple periodicity. 
 
Fig. 5.  (Color Online). Comparison of ripple periodicity vs. NP (a) and 
(b) fluence for RP and LP beams. Both the experimental observations 
and theoretical predictions are presented in each case. 
A comparison of the theoretical predictions with the experimental 
results is illustrated in Fig.5 for both the RP and the LP case, under 
identical irradiation conditions. It is observed that irradiation with a RP 
beam results in a reduced ripple periodicity compared to that derived 
using a LP beam. The respective simulations indicate that this 
deviation can be attributed to both electrodynamical and 
hydrodynamical effects. Specifically, as the local energy deposition on 
the material is higher and is diffused to larger depths for RP, it 
produces an increased maximum of the Er at smaller Λ/λ (for 
subsequent irradiation), which means that the grating wavelength will 
decrease. Besides this, RP results in higher lattice temperature which, 
in turn, leads to enhanced fluid vortices development that further 
(b) 
(a) 
(b) 
(c) 
(a) 
decrease the ripple periodicity [19]. Results on the pulse number 
dependence of ripple periodicity demonstrate a good agreement 
between the tendency of the experimental observations and 
theoretical predictions (Fig.5a). By contrast, for both types of 
polarization, the irradiation fluence does not appear to influence 
substantially the ripple periodicity (Fig..5b).  
 In conclusion, we have performed a systematic, theoretical approach 
complemented with experimental studies to interpret the surface 
profile and the periodicity of the self-assembled ripples formed upon 
irradiation of Ni with RP fs laser pulses. The study demonstrates the 
significant influence of the incident beam polarization on both the 
morphological profile as well as the size of the produced structures. 
Despite the exploration of morphological effects on metals, the study 
can also be extended to other types of materials, including dielectrics, 
semiconductors or polymers. The ability to control the size of the 
morphological changes via modulating the beam polarization may 
provide novel types of surface and bulk structures with significant 
advantages for potential applications.  
 
Funding.  LiNaBiofluid (funded by EU’s H2020 framework programme 
for research and innovation under Grant Agreement No. 665337) and 
Nanoscience Foundries and Fine Analysis (NFFA)–Europe H2020-
INFRAIA-2014-2015 (Grant agreement No 654360) and SOLAR-NANO 
(Greek-German); projects for financial support. 
 
References 
1. O. J. Allegre, W. Perrie, S. P. Edwardson, G. Dearden, and K. G. Watkins, 
Journal of Optics 14 (2012). 
2. L. E. Helseth, Optics Communications 191, 161 (2001). 
3. B. Hafizi, E. Esarey, and P. Sprangle, Physical Review E 55, 3539 (1997). 
4. V. G. Niziev, and A. V. Nesterov, Journal of Physics D-Applied Physics 32, 1455 
(1999). 
5. R. Torres, T. Kaempfe, M. Delaigue, O. Parriaux, C. Honninger, J. Lopez, R. 
Kling, and E. Mottay, Journal of Laser Micro Nanoengineering 8, 188 (2013). 
6. T. Kuga, Y. Torii, N. Shiokawa, T. Hirano, Y. Shimizu, and H. Sasada, Physical 
Review Letters 78, 4713 (1997). 
7. Q. W. Zhan, Adv Opt Photonics 1, 1 (2009). 
8. K. S. Youngworth, and T. G. Brown, Optics Express 7, 77 (2000). 
9. S. Quabis, R. Dorn, M. Eberler, O. Glockl, and G. Leuchs, Applied Physics B-
Lasers and Optics 72, 109 (2001). 
10. M. Beresna, M. Gecevicius, P. G. Kazansky, and T. Gertus,  Applied Physics 
Letters 98, 201101 (2011). 
11. A. Bouhelier, F. Ignatovich, A. Bruyant, C. Huang, G. C. D. Francs, J. C. 
Weeber, A. Dereux, G. P. Wiederrecht, and L. Novotny, Optics Letters 32, 2535 
(2007). 
12. W. B. Chen, and Q. W. Zhan, Optics Letters 34, 722 (2009). 
13. S. Waselikowski, C. Fischer, J. Wallauer, and M. Walther, New Journal of 
Physics 15, 075005 (2013). 
14. Q. W. Zhan, Optics Letters 31, 1726 (2006). 
15. J. Bonse, S. Hohm, A. Rosenfeld, and J. Kruger, Applied Physics a-Materials 
Science & Processing 110, 547 (2013). 
16. F. Garrelie, J. P. Colombier, F. Pigeon, S. Tonchev, N. Faure, M. Bounhalli, S. 
Reynaud, and O. Parriaux, Optics Express 19, 9035 (2011). 
17. J. Wang, and C. Guo, Applied Physics Letters 87, 251914 (2005). 
18. T. J. Y. Derrien, T. E. Itina, R. Torres, T. Sarnet, and M. Sentis, Journal of 
Applied Physics 114, 083104 (2013). 
19. G. D. Tsibidis, M. Barberoglou, P. A. Loukakos, E. Stratakis, and C. Fotakis, 
Physical Review B 86, 115316 (2012). 
20. C. A. Zuhlke, T. P. Anderson, and D. R. Alexander, Optics Express 21, 8460 
(2013). 
21. G. D. Tsibidis, C. Fotakis, and E. Stratakis, Physical Review B 92, 041405(R) 
(2015). 
22. K. Lou, S. X. Qian, Z. C. Ren, X. L. Wang, Y. N. Li, C. H. Tu, and H. T. Wang, 
Journal of the Optical Society of America B-Optical Physics 29, 2282-2287 
(2012). 
23. W. N. Han, L. Jiang, X. W. Li, P. J. Liu, L. Xu, and Y. F. Lu, Optics Express 21, 
15505-15513 (2013). 
24. Z. Lin, L. V. Zhigilei, and V. Celli, Physical Review B 77, 075133 (2008). 
25. J. E. Sipe, J. F. Young, J. S. Preston, and H. M. van Driel, Physical Review B 27, 
1141 (1983). 
26. H. Raether, Surface plasmons on smooth and rough surfaces and on 
gratings (Springer-Verlag, 1988). 
27. M. Huang, F. L. Zhao, Y. Cheng, N. S. Xu, and Z. Z. Xu, Acs Nano 3, 4062 
(2009). 
28. S. I. Anisimov, Kapeliov.Bl, and T. L. Perelman, Zhurnal Eksperimentalnoi 
Teor. Fiz. 66, 776 (1974). 
29. A. D. Rakic, A. B. Djuri?ic, J. M. Elazar, and M. L. Majewski, Applied Optics 37, 
5271 (1998). 
30. G. D. Tsibidis, E. Stratakis, and K. E. Aifantis, Journal of Applied Physics 111, 
053502 (2012). 
31. D. A. Willis, and X. F. Xu, International Journal of Heat and Mass Transfer 45, 
3911 (2002). 
32. A. M. Chen, H. F. Xu, Y. F. Jiang, L. Z. Sui, D. J. Ding, H. Liu, and M. X. Jin, 
Applied Surface Science 257, 1678 (2010). 
33. J. P. Colombier, F. Garrelie, N. Faure, S. Reynaud, M. Bounhalli, E. Audouard, 
R. Stoian, and F. Pigeon, Journal of Applied Physics 111, 024902 (2012). 
 
Appendix A: Computation of Electric field  
 
To provide a quantitative description of the role of the SP excitation in 
determining the surface profile of the irradiated material, a systematic 
analysis is pursued based on the propagation of the electric field that is 
developed on the surface of the material. To this end, we solve the 
Maxwell equations, assuming a TM wave (magnetic field component is 
perpendicular to the r-z plane). We consider a 3D Cartesian coordinate 
system defined by X’’-Y’’-z , where Y’’ is perpendicular to the X’’-z (or r-z 
plane). The electric and magnetic fields are  
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where the subscript j (is + or -) to indicate that it refers to regions 
above (A) or below (B), respectively, the separating line that defines 
the surface morphology (see Eq.2). In Eq.A.1, ω is the angular 
frequency to be determined from the dispersion relations, 
 
 
( ) ( )
'' '' ''X X X
k k k
is the component of the wavevector of the surface 
wave along the X’’-axis and   
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In Eq.A.2,  ( )j  is the dielectric constant in regions A (it is assumed that 
the medium is air which implies  (A ) =1) and B (assume also 
contributions form interband transitions [29]), respectively.  At the 
interface of the produced grating, the boundary conditions that require 
the tangential component of the electric field and the normal 
component of   ( )D E are continuous. Thus, Eqs.2, A.1, A.2 and  
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enable determination of the spatial distribution of the electric field 
everywhere near the surface of the material.    
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 Appendix A: Spatial distribution of the laser beam  
 
The spatial distribution of the two beams (RP and LP) along a cross line 
on the x-y plane that passes through the origin are shown in Fig.A1. The 
two profiles are assumed to correspond to the same deposited total 
energy.  
 
 
Fig. A1.  Spatial intensity distribution of Radially (RP) and Linearly (LP) 
polarized beam. X’’ [-r,r] and it is the axis along the direction of the 
unit vector rˆ , (i.e.  ˆ ˆ ˆ( ) / 2r x y ) .   
 
Appendix B: Simulation parameters 
 
 
Fig. A2.  Simulation parameters  
 
Appendix C: Energy heat transfer and phase change 
 
To compute the energy absorption, heat transfer and relaxation 
process the temperature dependence of the thermophysical 
parameters is considered [32]. A minimal mass removal (i.e. we call it 
‘subablation conditions’ to distinguish effects resulting from the 
normal ‘ablation conditions’ that assume plume formation, presence of 
ejected fragments, etc) [19]. Phase change and resolidification process 
is incorporated into the model by solving the Navier-Stokes equation. A 
finite-difference method in a staggered grid is employed [19] to solve 
numerically the heat transfer equations (i.e. by solving the differential 
equations that describe the two temperature model) [19], phase 
change and dynamic elasticity equations [28]. Plastic effects are 
considered when the total stress exceeds the yield stress of the 
material [28].  
  
 
 
 Fig. A3.  (Color Online). (a) Evolution of maximum lattice and electron 
temperatures for various fluences, for RP beam. (b) comparison of 
electron and lattice temperatures for RP and LP beams for J=0.24J/cm2 
(NP=1, τp=170fs). 
Simulation results for the electron and lattice temperatures show the 
evolution of temperatures for various fluences (for melting conditions). 
It is evident that (i) larger fluences lead to a delayed relaxation time 
(due to the electron-phonon coupling temperature dependence) as 
seen in Fig.A3.a, (ii) Radial polarization produces slightly higher 
temperatures and delay of the electron-phonon relaxation (Fig.A3.b). 
 
 
Appendix D: Morphological changes/Displacement 
 
a. NP=1 
 
Fig.A4.a illustrates the temperature spatial lattice temperature 
variation at t=20ps that results from consideration of SPP excitation for 
NP=1 for J=0.24J/cm2. Fig.A4.b shows at t=0.45ns the horizontal and 
vertical displacements. To emphasise on the fluid movement, focus of 
the forces that induce material movement has been restricted. For 
NP=1 (for which, it is important to note that momentum conservation 
violation does not allow SPP excitation) as surface-tension generated 
forces influence similarly material movement in every periodically 
situated ripple well.  
 
 
Fig. A4.  (Color Online). (a) Temperature profile at t=20ps for a RP 
beam, (b) Vertical and horizontal displacements at t=0.45ns.  
(J=0.24J/cm2, NP=1, τp=170fs). 
b. NP=2 
 
A similar analysis is performed for NP=2 (when rippled structures are 
formed as a result of SPP excitation). Fig.A5 illustrates the temperature 
profile and the vertical and horizontal displacements. 
 
 
 
 
Fig. A5.  (Color Online). (a) Temperature profile at t=20ps for a RP 
beam, (b) Vertical and horizontal displacements at t=0.45ns.  
(J=0.24J/cm2, NP=2, τp=170fs). 
 
Appendix E: Experimental setup 
 
(b) 
 Fig. A6.  Experimental setup. 
 
Polished Ni films of 99.9% purity and average thickness 150μm were 
used (Fig.A6). An Yb:KGW laser was used to produce linearly polarized 
pulses of pulse duration equal to 170fs, 1 KHz repetition rate and 
1026nm central wavelength. Beam polarization was transformed from 
linear to radial with an optical vortex polarization converter structured 
glass [10]. Pulses were focused with a spherical N-BK7 lens (60mm 
focal length) and spot diameter was 26μm (at FWHM) measured by a 
CCD camera. Samples were positioned perpendicularly to the incident 
beam and all experiments were performed in air on a 3-axis motorized 
stage. Two different types of experiments were conducted to correlate 
characteristics of the surface modification (i.e. periodicity of ripples, 
damage size, spot area) with the laser beam polarization (linear or 
radial), number of pulses and fluence. Surface images were analysed by 
SEM and AFM and ripple periodicity was computed by using a 2D fast 
Fourier transform on SEM images. As explained in the main text, while 
the damage induced on the material is comparable for the two 
polarisations, the horizontal movement of the affected zone produces 
remarkable morphological changes leading to the formation of a 
‘Mexican hat’-shaped area. For RP, the enhanced horizontal movement 
due to larger temperature gradients along that direction causes a 
squeezing effect to the ‘cone’ that is produced and eventually the radius 
of the cone decreases with increasing fluence (Fig.A7). 
 
 
 
 
Fig. A7.  SEM images of  100 pulses on Ni with LP (a-d) and RP (e-h) 
beam with fluences of  0.12–0.36-0.59-0.84 J/cm2.   
Appendix F: Experimental results 
 
The two types of laser beam polarisation do not produce remarkable 
alterations in the depth of the corrugated profile for increasing number 
of pulses. Nevertheless, feedback and hydrodynamical effects lead to 
larger ripple well depth that is associated also with a decreasing Λ as 
explained in the main text (Fig.A8).  
 
 
Fig. A8.  Maximum ripple well depth vs. number of pulses and fluence 
for RP/LP.   
 
